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2 
Stochastic maintenance models for ceramic claddings 
Abstract: 
Maintenance decision-making involves a series of multiple objectives, some of them con-
tradictory. Usually, stakeholders intend to find the optimal maintenance strategy, to min-
imize the economic burden, while simultaneously maximizing the buildings’ perfor-
mance. In this study, a condition-based maintenance model, based on Petri nets, is pro-
posed to evaluate the consequences of alternative maintenance strategies to maintain and 
improve the performance of ceramic claddings. This maintenance model is a full life-
cycle model that integrates the stochastic assessment of the degradation condition of the 
claddings, and also inspections, maintenance and renewal processes. Three maintenance 
strategies are considered: (i) major intervention only; (ii) combination of minor and major 
interventions; and (iii) combination of cleaning operations, minor and major interven-
tions. The uncertainties associated with the degradation process, as well as with the defi-
nition of the effects of maintenance actions are considered by modelling the transitions 
times in Petri nets as random variables. Considering the complexity of Petri nets, the 
statistical descriptors of the performance of the assets (e.g. mean condition, probability 
of applying maintenance) were computed using Monte Carlo simulation. The impact of 
the different maintenance strategies in the claddings’ service life is discussed, comparing 
the different alternatives also from an economic point of view. 
 
Keywords: Ceramic claddings, degradation, maintenance modelling, Petri nets, Monte 
Carlo simulation  
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1 Introduction 
In the last decades, concern related with effective maintenance of constructed fa-
cilities has increased. This trend is mainly due to: i) the growing complexity of buildings; 
ii) a greater awareness of the influence of maintenance activities on the buildings’ life-
cycle costs, which is strengthened in the light of the limited budget commonly allocated 
for these activities; iii) a substantial increase in the users’ performance requirements; and 
iv) the acknowledge that the building’s performance is highly dependent on its mainte-
nance (Shohet, 2006). 
Recently, a significant effort has been invested on the development of decision-
aiding tools for maintenance planning of buildings. These tools provide quantitative 
means to predict the service life of building components at different levels of perfor-
mance, and to evaluate the impact of maintenance strategies adopted by owners of large 
facilities stocks (Shohet et al., 2002). The users’ perceptions and requirements, as well as 
the available budget for maintenance actions, strongly influence the implementation of 
maintenance policies (Lowry, 2002; Flores-Colen and de Brito, 2010). For instance, ho-
tels and hospitals demand that most of the building components and systems perform at 
the highest level. On the other hand, owners of residential buildings may be satisfied with 
keeping their facility at an ‘acceptable’ level of service, in order to minimize the mainte-
nance costs. These different demands call for a flexible tool that will make possible an 
effective evaluation of the service life of building components based on their actual con-
dition, according to different desired performance levels (Shohet et al., 2002). 
In this sense, stakeholders urgently need flexible and accurate tools for cost-effec-
tively allocate limited budgets for the maintenance of aging and degraded buildings and 
components, in order to optimize not only the buildings’ performance but also the whole-
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life maintenance costs (Frangopol and Liu, 2007). These tools should be based on the 
diagnosis of in-service performance, thus recommending different actions according to a 
given condition state during the buildings’ service life (Flores-Colen et al., 2009). Sher-
win (2000) refers that, whereas the mathematical models for maintenance management 
are not able to ensure optimality, without them the decisions related with the adoption of 
maintenance activities would almost certainly be worse. These mathematical models 
should encompass the uncertainty related with the degradation mechanisms under no 
maintenance and under different maintenance activities (Frangopol and Liu, 2007). 
The main objective of this work is the development and implementation of a life-
cycle model for ceramic claddings, considering preventive and reactive maintenance ac-
tions. The proposed model will be implemented using a stochastic Petri net framework. 
The case study selected was composed of 195 ceramic claddings, located in Lisbon, Por-
tugal, as detailed data on the deterioration of these elements were available. The sample 
was established based on the diagnosis of the degradation condition of these claddings in-
service performance, through in situ visual inspections. The model developed is, never-
theless, very general and can be applied to a range of building components, including 
natural stone claddings, wall renderings, painted walls, among others. 
Petri nets have been successfully applied to model dynamic systems in several 
areas due to their flexibility and high accuracy in modelling complex phenomena, includ-
ing robotics (Al-Ahmari, 2016), optimization of manufacturing systems (Chen et al., 
2014; Uzam et al., 2015), business process management (van der Aalst, 2002), and human 
computer interaction (Tang et al., 2008). Table 1 summarizes various research works us-
ing Petri nets to model maintenance and life-cycle approaches. The application of Petri 
nets to the assessment of the deterioration and maintenance processes in the civil engi-
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neering infrastructures is a recent research field as most previous works focus on indus-
trial systems and/or mechanical components. In relation to building asset modelling, the 
implementation of Petri nets to model deterioration and maintenance is a very recent and 
innovative area. Nevertheless, there are several works (Li, 1998; Molinero and Núñez, 
2011; Cheng et al., 2013; Rink et al., 2017) that use Petri nets to manage resources, to 
estimate equipment availability and scheduling of tasks on the site-work during the build-
ing design process. Petri nets can be seen as a generalization of Markov chains, overcom-
ing some of the latter’s limitations by: i) allowing the transition time between states to be 
modelled using distributions other than the exponential distribution; ii) providing a graph-
ical depiction of all processes considered in the life-cycle model, allowing a better com-
munication of the principles, limitations and results to all stakeholders; iii) allowing the 
development of significantly more complex models, which can comprise a range of fea-
tures including modelling of inspections, maintenance and deteriorations. 
The maintenance model described can be considered a full life-cycle model that 
includes not only the deterioration process, but also the inspections, maintenance and re-
newal options. The transition times between different deterioration levels and the inspec-
tion times are sampled from appropriate probability distributions that are defined based 
on the literature and experts’ opinion. In this study, the uncertainties associated with the 
degradation process are treated in Petri net model using Monte Carlo simulation. 
The proposed model allows predicting: i) future condition profiles, considering 
different maintenance strategies; ii) the number of interventions performed in the ceramic 
claddings over the simulated lifetime; iii) intervention timings; and, iv) the cumulative 
cost profile of the different maintenance strategies, considering the annual discount rate. 
In the methodology used to evaluate the performance of ceramic claddings, three 
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maintenance strategies are considered: (i) major intervention only, which considers the 
claddings’ replacement; (ii) combination of minor and major interventions; and (iii) com-
bination of cleaning operations, minor and major interventions. The first maintenance 
strategy represents the most common solution adopted by the buildings’ owners. The 
other two strategies are analysed in order to evaluate the impact of the different alterna-
tives in the claddings’ service life and in the whole-life maintenance costs, for the period 
under analysis. The results show that the model is a useful tool to aid the maintenance 
decision-making process by allowing the identification of the most appropriate strategy, 
considering the claddings’ performance and the overall maintenance costs. 
2 Petri nets 
The original concept of Petri nets was introduced by Carl A. Petri (Petri, 1962). A 
Petri net is defined as a bipartite weighted directed graph with an initial state called initial 
marking, 𝑀0 (Peterson, 1977; Murata, 1989; Schneeweiss, 2004). Pictorially, it is com-
posed by four main elements: places; transitions; arcs; and tokens. 
Places and transitions are nodes of the network. Places represent a specific state 
or condition of the system whereas transitions are used to represent the triggering of 
events or actions. Connections between nodes are made by weighted directed arcs. An 
arc can only connect a place with a transition or vice-versa and is labelled with a weight 
(positive integer number), where a 𝑘-weighted arc can be understood as a set of 𝑘 parallel 
arcs (for simplicity’s sake, when the arc weight is equal to 1, the label of the arc is usually 
omitted). Tokens are stored in places and the distribution of the tokens on the places rep-
resents the current state of the system, and are called the marking of the network, 𝑀. 
The Petri net methodology described in this study is an extension of the original con-
cept. The extensions correspond to properties that have been added, in order to enhance the 
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original concept of PN, thereby enabling a greater number of applications to be treated (David 
and Alla, 2010), allowing making the methodology more concise and efficient (Le and An-
drews, 2016a). All extensions implemented in this work are discussed below. 
Figure 1 illustrates a simple Petri net. The net is composed of four places and two 
transitions. Both transitions have two input places (𝑝1, 𝑝2) and one output place (𝑝3). The 
arcs that connect the input places to the transition and the transition to the output places 
represent the pre- and post-conditions of the transition, respectively. The arc connecting 
place 𝑝4 to transition 𝑡2 is denoted by an inhibitor arc and allows prioritizing the firing of 
transitions (Peterson, 1977; Başkocagil, and Kurtulan, 2011). This arc indicates that place 
𝑝4 is an inhibitor place and, when marked, transition 𝑡2 is forbidden from firing. 
Transitions together with the tokens are responsible for the evolving of the system, 
from one state to another. The dynamic behaviour of the system is modelled through the 
transition (firing) rule (Murata, 1989). For the firing process to happen, transition must 
be enabled. This requires, that each input place is marked with at least a number of tokens 
equal to the arc weight. In the example presented in Figure 1(a), both transitions are ena-
bled. However, the presence of a token in place 𝑝4 inhibits the firing of transition 𝑡2. After 
transition 𝑡1’s firing, Figure 1(b), the marking of the net has changed, and none of the 
transitions is therewith enabled. The inhibitor arc solves the potential conflict between 
transitions 𝑡1 and 𝑡2. As shown in Figure 1(a), when both places 𝑝1 and 𝑝2 are occupied, 
both transitions can be fired. The marking of place 𝑝4, inhibits the transition 𝑡2, and thus 
gives priority to transition 𝑡1. 
In the original concept of Petri nets, transitions are associated with a firing rate equal 
to zero, i.e. immediate transitions (Marsan et al., 1984; Murata, 1989). However, to produce 
a more resourceful model, new types of transitions were added to improve the methodology 
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and to accommodate the modelling needs. In deterministic transitions, a constant time delay 
associated with the transition is established. This type of transitions allows modelling discrete 
processes and changing the qualitative behaviour of the model with respect to the untimed 
Petri nets (Marsan and Chiola, 1986). In stochastic Petri nets, transitions are defined to be 
random variables with given statistical distributions. This type of transitions is very useful 
to model random processes, and the firing rate can be defined from different probabilistic 
distributions (Dugan et al., 1984, Marsan and Chiola, 1986). 
The reset transition has associated a list of places and number of tokens that each 
place will contain after the Petri net is reset. In other words, the reset transition allows 
defining a new marking for the network when fired, and thereby simplifying the model. 
A reset action can be performed using the original concept of PN but would require a 
large number of transitions and places to be added to the model, which would increase its 
size and complexity, confusing the engineering process that is being modelled (Andrews, 
2013; Le and Andrews, 2016a). 
3 Deterioration of ceramic claddings 
Ceramic claddings are considered by users a durable material, with interesting aes-
thetic characteristics and relatively resilient to aggressive environments (Plšková et al., 
2011; CEN, 2012). However, the maintenance of ceramic claddings is often neglected 
(Thai-Ker and Chung-Wan, 2006). The adoption of null or inadequate maintenance prac-
tices, in association with the natural degradation of ceramic claddings (due to the exposure 
to all types of environmental conditions), as well as faulty design and execution errors, 
naturally leads to the deterioration of these claddings. In some cases, their deterioration is 
premature, presenting visible defects in the first two years after construction (Shohet et al., 
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2002). These defects can be easily revealed, measured and controlled through regular in-
spections and an adequate maintenance program. But regular inspections on buildings is 
not mandatory and the performance levels of the different building components are usually 
defined by the owners (Thai-Ker and Chung-Wan, 2006). 
An accurate modelling of the degradation condition of ceramic claddings is an im-
portant step for the definition of maintenance management models. Over the last decade, sev-
eral studies have addressed the inspection and characterization of the degradation condition 
of ceramic claddings (Silvestre and de Brito, 2011; Bordalo et al., 2011; Silva et al., 2016a). 
In this study, a quantitative scale is adopted for the evaluation of the physical and visual con-
dition of the sample analysed, according to previous studies of ours (Silva et al., 2016b; Fer-
reira et al., 2019). 
This numerical scale is based on the severity and extent of the defects observed in the 
ceramic claddings analysed. The defects observed in ceramic claddings are converted into a 
numerical index, denoted as severity of degradation, 𝑆𝑤, which is computed as the ratio be-
tween the extent of the claddings’ degradation, weighted as a function of the degradation level 
and the severity of the defects, and a reference area, equivalent to the maximum theoretical 
extent of the degradation for the cladding analysed, as shown in Equation (1). 
 𝑆𝑤 =
∑(𝐴𝑛 × 𝑘𝑛 × 𝑘𝑎,𝑛)
𝐴 × 𝑘
 (1) 
where 𝑆𝑤 is the degradation severity of the coating, expressed as a percentage; 𝑘𝑛 is 
the multiplying factor of anomaly 𝑛, as a function of their degradation level, within the range 
𝐾 =  {0, 1, 2, 3, 4}; 𝑘𝑎,𝑛 is a weighting factor corresponding to the relative weight of the 
anomaly detected (𝑘𝑎,𝑛 Є 𝑅+); 𝑘𝑎,𝑛 = 1 by default; 𝐴𝑛 is the area of coating affected by an 
anomaly 𝑛; 𝐴 is the façade area; and 𝑘 is the multiplying factor corresponding to the highest 
degradation level of a coating of area 𝐴. 
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Table 2 presents the scale adopted, according to the defects observed in ceramic clad-
dings, as well as the weighting coefficients applied in Equation (1). The weighting coeffi-
cients (ka,n) are used to hierarchise the relative importance between anomalies. Naturally, dif-
ferent anomalies present different effects on the overall degradation condition of the ceramic 
claddings, e.g. the detachment of ceramic tiles is an extremely serious anomaly, jeopardizing 
the users’ safety, while stains only compromise the aesthetic appearance of the cladding. In 
this sense, the weighting coefficients (ka,n) are established based on the severity of the anom-
alies, the impact of the anomalies in the claddings’ performance (safety and weathertight-
ness), the propensity to generate new anomalies and the cost of repair (Bordalo et al., 2011; 
Silva et al., 2016b). The weighting coefficients are mainly quantified by the cost of repair of 
the anomalies, i.e. the (ka,n) for each anomaly is given by the ration between the cost of repair 
of that anomaly and the cost of replacing the cladding. 
The severity of degradation index is translated, in this study, into five degradation 
levels, ranging from A (no visual deterioration - most favourable situation) to E (worst con-
dition level). In the literature, different authors (Flourentzou et al., 2002; Brandt and Rasmus-
sen, 2002; Shohet and Paciuk, 2004; Balaras et al., 2005; Kirkham and Boussabaine, 2005) 
have suggested the adoption of degradation scales, to express the physical and visual deteri-
oration of building components. These scales are usually composed of discrete variables, 
some of them with five levels, describing the loss of performance of the components, from 
the absence of visible degradation to the most unfavourable condition, related to the loss of 
functionality of the component under analysis (Gaspar and de Brito, 2011; Bordalo et al., 
2011; Silva et al., 2016b). 
Figure 2 presents an illustrative example of the visual condition of ceramic claddings 
in each degradation level. Level A corresponds to a cladding with no visible degradation; the 
ceramic cladding in Level B starts to present some visual defects (superficial dirt and stains), 
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which do not jeopardize the claddings’ performance; Level C corresponds to a ceramic clad-
ding with slight deterioration, with some anomalies related with the degradation of the ce-
ramic tiles surface, e.g. crushing or scaling of the borders; Level D corresponds to a ceramic 
cladding with some joint defects, with loss of the filling material, as well as other pathological 
manifestations, related with the degradation of the ceramic tiles’ surface; and finally, in Level 
E, the claddings show a generalised deterioration, with severe loss of adherence defects, as-
sociated with other anomalies that are also present in more favourable conditions. 
4 Application of Petri nets to the definition of a maintenance model 
4.1 Model assumptions 
The proposed life-cycle model is based on current and potential future practice in 
terms of inspection, maintenance and repair of ceramic claddings. It is considered that the 
degradation process follows a deterioration scale with five discrete states from new (level 
A) to failed (level E). Furthermore, it is assumed that the condition of the façades is hid-
den and is only revealed at the time of inspections. These inspections are performed at 
regular intervals defined by the asset owner or manager. 
In order to reduce the deterioration rate or improve the performance of the façade, 
maintenance actions are considered during the claddings’ life-cycle. A successful mainte-
nance program seeks a balance between conservation and rehabilitation activities. There-
fore, two main types of maintenance actions are considered: preventive and corrective. 
Preventive maintenance actions usually lead to lower impact in the claddings’ perfor-
mance and lower costs, while corrective maintenance actions can significantly increase 
the claddings’ performance but also encompass a higher economic burden (van Noortwijk 
and Frangopol, 2004). A combination of both types of maintenance is usually required to 
achieve a cost-effective life-cycle performance. 
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Currently, the concept of condition-based maintenance is increasingly relevant, 
which suggests that any maintenance action should be preceded by an inspection to eval-
uate the current observed degradation condition of the component under analysis (Liao et 
al., 2006). In this sense, in this study, preventive maintenance actions are applied at reg-
ular time intervals over the cladding’s lifetime. Herein, it is assumed that preventive 
maintenance actions are not applied before an inspection is performed. On the other hand, 
corrective maintenance actions are applied when an inspection reveals that the condition 
of the façade has crossed a predefined threshold. 
Therefore, the scheduling of maintenance actions is performed after an inspection. 
During the inspection, the need for a corrective maintenance action is evaluated. If a cor-
rective action is required, its effect is included in the performance model, and no further 
action is taken until the next inspection. On the contrary, it is checked if any preventive 
maintenance was scheduled since last inspection, otherwise no further action is taken until 
the next inspection. 
Each maintenance action is assumed to be modelled by one or more than one of 
the following effects (Neves and Frangopol, 2005): 
1. Improvement of the condition state of the façade after the application of 
the maintenance action; 
2. Suppression of the deterioration process for a period of time after the ap-
plication of the maintenance action; 
3. Reduction of the deterioration rate for a period of time after the application 
of the maintenance action. 
Figure 3 shows the different impacts of the maintenance actions on the façades. 
When a maintenance that improves the condition state is applied, this effect is described by 
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the indication of the condition state for which the façade improves immediately after the 
maintenance, 𝛾, as illustrated in Figure 3(a). On the other hand, if the maintenance sup-
presses the deterioration process, this is characterized only by the time period during which 
the process is suppressed, 𝑡𝑑. During this time, it is assumed that the performance indicator 
of the façade remains unchanged, as shown in Figure 3(b). Finally, if the maintenance re-
duces the rate of deterioration, this is characterized by two parameters: the period of time 
that the deterioration rate is affected, 𝑡𝑟; and the deterioration factor, 𝛿. These two param-
eters allow reducing the deterioration rate of the façade, as depicted in Figure 3(c). 
4.2 Maintenance model 
The complete Petri net maintenance model used to evaluate the performance of 
ceramic claddings is shown in Figure 4(a). The meaning of each part of the model is 
described in the following sections. 
4.2.1 Deterioration process 
The deterioration process is modelled through a linear sequence of places, adopt-
ing stochastic timed transitions, where each place represents a condition level of the clas-
sification system adopted (Andrews, 2013; Yianni et al., 2017). The stochastic timed tran-
sitions are located between places, specifying the transition times of moving between 
different condition levels. 
Under no maintenance, the condition of the ceramic claddings deteriorates continu-
ously over time until the worst condition level defined in the performance scale is reached. 
Timed transitions are used to model the sojourn time in each deterioration level (i.e. the 
time that the ceramic cladding spends in deterioration level 𝑖 before moving to deteriora-
tion level 𝑖 + 1). In Figure 4(a), the deterioration process is depicted by five places (𝑝1 to 
𝑝5) and four transitions (𝑡1 to 𝑡4), where places 𝑝1 and 𝑝5 represent, respectively, the best 
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and worst condition state of the qualitative performance scale. The remaining places represent 
the intermediate condition levels and the position of the token in the net indicates the current 
condition level of the cladding. 
4.2.2 Inspection process 
The deterioration level of a ceramic cladding is not continuously known; the pro-
cess can be considered unobserved until an inspection occurs, when the cladding’s con-
dition is revealed. The inspections are periodic and carried out within the maintenance 
program defined. In general, these visual inspections are performed by specialized tech-
nical staff with the aim of evaluating the degradation state of the cladding through the 
identification of anomalies that may affect its performance. An inspection enables the 
adoption of the most appropriate maintenance work to be requested for tackling existing 
anomalies with the appropriate priority. The section of the maintenance model that is 
responsible for scheduling the time inspections is shown in Figure 4(a) through the cycle 
formed by the following places and transitions: 𝑝6 − 𝑡6 − 𝑝7 − 𝑡5 − 𝑝6. 
A token in place 𝑝6 means that an inspection is not required or should not be 
performed at that time. Furthermore, the presence of a token in place 𝑝6 allows enabling 
transition 𝑡6. This transition is a stochastic timed transition and manages the time intervals 
between inspections, 𝜃. When transition 𝑡6 fires, after 𝜃 time units, the token is removed 
from the place 𝑝6 and is added to place 𝑝7. 
A token in place 𝑝7 means that it is time to perform an inspection, enabling several 
actions. First, it enables one of the following transitions: 𝑡7 to 𝑡11. The firing of one of 
these transitions removes the token from the deterioration process (places 𝑝1 to 𝑝5) and 
reveals the true condition of the ceramic cladding by placing it in one of the following 
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places 𝑝8 to 𝑝12, respectively. A token in places 𝑝8, 𝑝9, 𝑝10, 𝑝11 or 𝑝12 means, respec-
tively, that the true condition of the ceramic cladding is A, B, C, D or E. Place 𝑝7 is 
connected to transitions 𝑡7 to 𝑡11 by bidirectional arcs, representing a simplification for 
two unidirectional arcs. This ensures that the token in place 𝑝7 is not removed at this 
stage. After that, the immediate transition 𝑡5 is enabled (once the inhibitor arc constraints 
of the places 𝑝1 to 𝑝5 are checked), which causes the token placed in place 𝑝7 to return to 
place 𝑝6 to wait for the next inspection. 
4.2.3 Maintenance process 
Once the condition of the ceramic cladding is revealed, the required maintenance 
works can be established. The maintenance process is illustrated in Figure 4(a) by places 
𝑝13 to 𝑝26 and transitions 𝑡12 to 𝑡34. 
As mentioned above, the existence of a token in one of the places 𝑝8 − 𝑝12 means 
that the condition of the ceramic cladding is known, and the maintenance works can be 
initiated. The first step is to analyse what types of maintenance action are available in the 
maintenance program, according to the observed condition. This information is intro-
duced in the model through places 𝑝13 to 𝑝22. A token in places 𝑝13 − 𝑝17 means that a 
preventive maintenance must be done, while a token in places 𝑝18 − 𝑝22 means that a 
corrective maintenance is needed. If there is no token in these places, then the degradation 
condition of the cladding does not require the performance of a maintenance action. On 
the other hand, in cases where tokens are placed in both types of maintenance, corrective 
maintenance is performed, since this type of maintenance is more effective and usually 
covers the same maintenance works as preventive maintenance. 
After that, depending on the action to take, one of the following transitions may 
be firing: 
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• Transitions 𝑡12 − 𝑡16: No maintenance is performed, the token is removed 
from the observed condition places (𝑝8 − 𝑝12) and deposited in place 𝑝23; 
• Transitions 𝑡17 − 𝑡21: Preventive maintenance is applied, the tokens are 
removed from the observed condition places (𝑝8 − 𝑝12) and from preventive maintenance 
places (𝑝13 − 𝑝17), and deposited in place 𝑝24; 
• Transitions 𝑡22 − 𝑡26: Corrective maintenance is applied, the tokens are 
removed from the observed condition places (𝑝8 − 𝑝12) and from corrective maintenance 
places (𝑝18 − 𝑝22), and deposited in place 𝑝25. 
A token arriving at place 𝑝23 means that no maintenance is performed, and the 
condition of the cladding is the one observed during the inspection. On the other hand, a 
token in place 𝑝24 means that an inspection has been performed, the true condition of the 
ceramic cladding has been revealed and a preventive maintenance action is required. The 
same applies to place 𝑝25 for a corrective maintenance action. 
Places 𝑝23 − 𝑝25 enables, respectively, transitions 𝑡27 − 𝑡29, which move the to-
ken to place 𝑝26. This place is a decision place, since it enables five immediate transitions 
𝑡30 − 𝑡34 that conflict with each other. The choice of the transition to fire is performed in 
a deterministic way, according to the effect of the maintenance action on the ceramic 
cladding. In this model, the application of preventive and corrective maintenance was 
considered “instantaneous” through the use of reset transitions 𝑡28 and 𝑡29, respectively. 
However, a transitions delay can be added in order to model, in a more realistic way, the 
time required for the performance of maintenance interventions. 
4.2.4 Preventive maintenance actions 
The characteristics of the preventive maintenance are introduced in the mainte-
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nance model through places 𝑝27 to 𝑝29 and transitions 𝑡35 to 𝑡39 (Figure 4(a)). The mark-
ing of places 𝑝27, 𝑝28 or 𝑝29, means, respectively, that the maintenance actions, when 
applied, have the effect of improving the condition of the cladding, suppressing of the 
deterioration process or reducing the deterioration rate. Then, depending on the impact of 
the maintenance action on the cladding’s condition, only one of the following immediate 
transitions can fire by removing the token from place 𝑝24 and placing it in place 𝑝30: 
• Transition 𝑡35: Improvement of the condition only; 
• Transition 𝑡36: Suppression of the deterioration process over a period of time only; 
• Transition 𝑡37: Improvement of the condition state and suppression of the deteri-
oration process over a period of time; 
• Transition 𝑡38: Reduction of the deterioration rate over a period of time only; 
• Transition 𝑡39: Improvement of the condition state and reduction of the deteriora-
tion rate over a period of time. 
The values of the parameters needed to model maintenance are “attached” to the to-
kens present in places 𝑝27 to 𝑝29. When the transition fire occurs, this information is com-
municated to the token placed in 𝑝30, which is responsible for introducing the characteristics 
of the maintenance implemented in the deterioration process of the maintenance model. 
4.2.5 Corrective maintenance actions 
For corrective maintenance, the same methodology was followed as in preventive 
maintenance. The characteristics of the maintenance are introduced in the maintenance model 
through places 𝑝31 to 𝑝33 and transitions 𝑡40 to 𝑡42 (Figure 4(a)). Then, depending on the 
impact that maintenance has on the ceramic claddings, only one of the following immediate 
transitions can fire by removing the token from place 𝑝25 and depositing it in place 𝑝34: 
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• Transition 𝑡40: Improvement of the condition state only; 
• Transition 𝑡41: Improvement of the condition state and suppression of the deteri-
oration process over a period of time; 
• Transition 𝑡42: Improvement of the condition state and reduction of the deteriora-
tion rate over a period of time. 
The Petri net schemes for corrective maintenance and preventive maintenance are 
conceptually different, since preventive maintenance is considered as imperfect, and do not 
bring the cladding to the good-as-new state, i.e. in some situations some preventive actions 
do not trigger the transition of the cladding’s degradation condition to a more favourable 
one. On the contrary, in this study, it is considered that corrective maintenance always im-
proves the condition state of system, thus there will be a smaller combination of effects. 
It should be mentioned that an almost unlimited number of combinations of effects 
and maintenance strategies can be modelled. This can be accomplished by introducing 
more transitions in the Petri net scheme of preventive and corrective maintenance. The 
combinations of effects of maintenance actions performed in ceramic claddings presented 
in this model represents only one example of the efficiency and flexibility of Petri nets. 
4.2.6 Periodicity of the preventive maintenance 
In this model, the periodicity of the preventive maintenance is considered through 
places 𝑝35 − 𝑝39 and deterministic timed transitions 𝑡43 − 𝑡47 (Figure 4(a)). The intro-
duction of information that this maintenance is available in a given condition level is 
performed by placing tokens in places 𝑝35 − 𝑝39. Transitions 𝑡43 − 𝑡47 are associated 
with a delay that allows at the end of 𝜃 time units that the tokens present in places 𝑝35 −
𝑝39 are removed and added to places 𝑝13 − 𝑝17, allowing preventive maintenance to be 
performed at the next inspection time, if the imposed constrains are verified. 
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4.2.7 Renewal process 
At a given time, the deterioration of the ceramic claddings will reach a state where 
a specific maintenance action is no longer effective, and partial or total replacement of 
the cladding is required. The instant after which a specific maintenance action is no longer 
effective can be defined in several ways, namely: i) after a predetermined lifetime; ii) 
after the cladding achieves a condition level that portrays an unacceptable level of per-
formance; or iii) after a set number of maintenance actions (Le and Andrews, 2016a). In 
Petri nets, any of these approaches can be implemented. 
In this study, each maintenance action could only be applied a given number of 
times. These constrains are introduced in the model by adding to places 𝑝35 − 𝑝39 (pre-
ventive maintenance), and places 𝑝18 − 𝑝22 (corrective maintenance), a number of tokens 
equal to the maximum number of maintenance actions allowed. When the maximum limit 
of a maintenance action is reached, this action is no longer available, and the ceramic 
cladding continues deteriorating until the worst condition level is reached, where a more 
extensive maintenance action is required. Transitions 𝑡28 and 𝑡29 (reset transitions) ini-
tializes the tokens in places 𝑝35 − 𝑝39 and 𝑝18 − 𝑝22. 
5 Application of the proposed model to ceramic claddings 
5.1 Maintenance strategies 
The methodology, previously described, was applied to analyse the deterioration 
of ceramic claddings over their lifetime. In this study, three maintenance strategies are 
considered. The proposal maintenance actions have three interventions levels: cleaning 
operations; minor; and major interventions. The different strategies were defined based 
on previous works and on experts’ judgement. 
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Cleaning is considered a preventive maintenance action, which includes the scaf-
folding installation, cleaning with water jet and brushing. This action should contribute 
to an effective removal of debris and contaminants (aesthetical anomalies), preventing 
the deterioration of ceramic claddings. Numerically, this maintenance action is applied 
whenever an inspection is performed, and when the cladding is in level B but the last 
maintenance action has been applied more than 10 years before. 
The existing maintenance models for deteriorated components have been limited 
to perfect maintenance actions (Bérenguer et al., 2003; Dieulle et al., 2003), thus consid-
ering that a given maintenance action is able to restore the component for good-as-new, 
neglecting the residual degradation of the component under analysis. Nevertheless, when 
modelling the degradation of components under real in-use conditions, the maintenance 
actions not always restore the component to as-good-as-new condition. In this study, the 
effects of cleaning actions in the ceramic claddings were thoroughly analysed. In some 
situations, the cleaning actions really improve the degradation state of the ceramic clad-
ding, leading to the return to the initial condition (A). However, in some situations, the 
cleaning action only delays the degradation of the cladding, not repairing already existing 
problems such cracking. In this sense, a cleaning action is unable to reset the cladding’s 
condition to the initial condition (A). In the sample analysed, the effects of a cleaning 
action are examined, trying to evaluate its impact on the overall condition of the clad-
dings. The analysis of the results revealed that this action improves the condition to level 
A with a probability of 31.4% or causes no significant improvement, 𝑃 = 68.6%. 
The minor intervention is considered a corrective maintenance action, which en-
compasses the repair and localized replacement of ceramic tiles. In the minor interven-
tion, the following actions are performed: i) 20% of the ceramic tiles are replaced; ii) 30% 
of the cracking are filled; iii) 10% of joints are replaced; and iv) the cladding is subjected 
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to a cleaning action. The analysis of the impact of the application of maintenance actions 
in ceramic claddings is a complex task, and there is a lack of information regarding the 
actions performed on the sample analysed, during the claddings’ life cycle. In this sense, 
usually, the degradation models neglect the effects of maintenance actions, considering 
that a maintenance action can restart the claddings’ life cycle. However, in reality, usu-
ally, the actions performed intend to achieve a balance between improving the cladding’s 
performance and minimizing the related maintenance costs, and it is acceptable for the 
stakeholders that some damage remains after maintenance. This fact was modelled herein 
by assuming that a ceramic cladding in an intermediate deterioration level (C) has a prob-
ability of 50% of restoring its original condition (go to condition A, after the maintenance 
action) and a probability of 50% of improving its condition to B.  
Finally, the major intervention is computed as a renewal process, applied when the 
claddings present an unacceptable degradation level. In other words, this intervention is 
only applied when the ceramic claddings reach the end of their service life, and therefore, 
the entire cladding must be replaced. In the maintenance model proposed, a ceramic clad-
ding reaches the end of its service life when the deterioration level reaches level D or higher. 
The condition level after which the ceramic claddings reach the end of their service life has 
been defined and discussed in previous studies (Silva et al., 2016b; Ferreira et al., 2019). 
In this study, the claddings’ replacement causes it to return to condition A or B. In perfect 
conditions, the cladding should return to “as good as new” condition (A), however, in some 
particular situations, due to execution errors or inadequate maintenance, the cladding only 
returns to level B. Figure 5 presents an illustrative example of a case study, before and after 
intervention, in which the replacement of ceramic tiles does not lead to the cladding’s re-
turning to the initial condition. Unfortunately, this type of replacement is quite common in 
real-world practice, which consists in the replacement of the ceramic tiles, replacing the 
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bonding material and filling the joints, but maintaining the degradation condition of the 
ceramic tiles (all visual anomalies, e.g. stains, efflorescence, biological colonization). 
To evaluate the performance of this material without and with maintenance ac-
tions, three maintenance strategies were defined: 
(i) Maintenance strategy 1 - major intervention; 
(ii) Maintenance strategy 2 - combination of minor and major interventions; 
(iii) Maintenance strategy 3 - combination of cleaning, minor and major interventions. 
Maintenance strategy 1 is considered in this work to characterise the maintenance 
strategy currently implemented by most owners (Thai-Ker and Chung-Wan, 2006). In 
maintenance strategy 2, a minor intervention is also considered, to delay or mitigate the 
deterioration process without compromising important features of the building, and to 
prevent unnecessary disruption of the building’s use (Forster and Kayan, 2009), showing 
that small repair works can be done to extend the service life of ceramic claddings. Fi-
nally, in maintenance strategy 3, the inclusion of cleaning operations represents the main 
maintenance activity applied in ceramic claddings (Raposo et al., 2013). 
The transitions times that specify the movement between different deterioration 
levels of the ceramic claddings, denoted by transitions 𝑡1 − 𝑡4 in Figure 4(a), are mod-
elled as Weibull distributions with parameters (𝜆𝑖, 𝜅𝑖), with 𝑖 = 1, 2, 3, 4, shown in Table 
3, following the results obtained by Ferreira et al. (2019). 
Regarding to periodicity of inspections, Silvestre and de Brito (2011) proposed an 
expert system for the inspection and diagnosis of ceramic claddings, referring that current 
visual inspections should be performed every 15 months to detect rapidly developing de-
fects, and detailed inspections should be carried out every 5 years, and should include in 
situ non-destructive tests in addition to visual examination. More recently, Madureira et al. 
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(2017) proposed a periodicity of inspections to external claddings of 3 years. Therefore, the 
inspection interval, 𝜃, is modelled as a triangular distribution with 3, 4, and 5, representing 
the minimum, mode, and maximum values, respectively. 
The model depicted in Figure 4(a) includes immediate, deterministic and stochastic 
transitions. The deterioration, modelled by transitions 𝑡1 to 𝑡4, is stochastic, and each of 
these transitions is modelled using Weibull distribution. The time interval between in-
spections, modelled by transition 𝑡6, is random and described by a triangular distribution 
with minimum, mode and maximum equal to 3, 4, and 5 years, respectively. Transitions 
𝑡43 to 𝑡47, modelling the periodicity of the preventive maintenance (cleaning operations) 
are taken as deterministic and all other transitions are immediate. 
In the maintenance strategies proposed in this study, the following assumptions 
are adopted: i) after two consecutive cleaning operations, this maintenance action is no 
longer efficient, and therefore a minor intervention should be performed, in order to repair 
the anomalies present in the ceramic claddings; ii) after three minor interventions, this 
maintenance action is no longer efficient, and it is necessary to apply a major intervention. 
5.2 Monte Carlo simulation 
Since there is significant uncertainty related to the assignment of a deterioration 
level to a ceramic cladding, as well as on the definition of the effects of maintenance 
actions, Monte Carlo simulation is used to consider the propagation of uncertainties dur-
ing the ceramic cladding’s lifetime and to compute the performance profiles. 
The procedure used to determine the performance profile of the ceramic claddings 
for the situation where maintenance is considered is shown in Figure 6. The performance 
profile is characterized by initial condition state, 𝐶0; deterioration rate vector, Θ; time 
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horizon, 𝑡ℎ; information regarding maintenance actions; and the interval between inspec-
tions, 𝑡𝑖𝑛𝑠𝑝. The initial condition state, 𝐶0, is used to define the initial marking of the Petri 
net, 𝑀0, and the first transition of the deterioration process to fire, 𝑡𝑖
(𝑘=1)
; the deterioration 
rate vector, Θ, is composed of the optimal parameters of the probability distribution used 
to model the deterioration process and is used to compute the sojourn time, 𝜏(𝑙), in each 
deterioration level. The sojourn time, 𝜏(𝑙), is sampled using the inverse CDF of the 
Weibull distribution, given by: 
 𝜏𝑖
(𝑙)
= 𝜆𝑖 ∙ [− ln(1 − 𝑢)]
1/𝜅𝑖 (2) 
where 𝜆𝑖 and 𝜅𝑖 are the parameters of the Weibull distribution with 𝑖 = 1, 2, 3, 4 and 𝑢 
is a uniformly distributed random variable between 0 and 1; the time interval between 
inspections, 𝑡𝑖𝑛𝑠𝑝
(𝑚)
, is used to define the time that inspections should be performed on the 
ceramic claddings and the information regarding the maintenance actions is used to define 
the application range and the effects that these have on the ceramic claddings. The time 
interval between inspections, 𝑡𝑖𝑛𝑠𝑝
(𝑚)
, is sampled using the inverse CDF of the triangular 
distribution, given by: 
 𝑡𝑖𝑛𝑠𝑝
(𝑚) = {
𝑎 + √𝑢 ∙ (𝑏 − 𝑎) ∙ (𝑐 − 𝑎), 𝑢 ≤ 𝜅
𝑐 − √(1 − 𝑢) ∙ (𝑐 − 𝑎) ∙ (𝑐 − 𝑏), 𝑢 > 𝜅
 (3) 
where 𝑘 = (𝑏 − 𝑎)/(𝑐 − 𝑎) and 𝑎, 𝑏, 𝑐 represent the minimum, mode, and max-
imum values of the distribution, respectively. 
The first step in the procedure is the identification of the first transition to be fired, 
𝑡𝑖
(𝑘=1)
, in the deterioration process and the sojourn time of the ceramic cladding in the 
current deterioration level, 𝜏(𝑙=1), followed by the quantification of the time for the first 
inspection of the ceramic cladding, 𝑡𝑖𝑛𝑠𝑝
(𝑚=1)
. The first time, 𝐹𝑇(𝑛=1), and its transition are 
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computed through the minimum between the sojourn time, 𝜏(𝑙=1), and the time of the first 
inspection, 𝑡𝑖𝑛𝑠𝑝
(𝑚=1)
. 
The main loop starts by checking whether the next firing time, 𝐹𝑇(𝑛), occurs after 
the time horizon, 𝑡ℎ, in which case the computation ends. Otherwise, the next transition 
to be fired can be either an inspection or a deterioration step. In the latter case, the enabled 
deterioration transition fires and the Petri net is updated. 
The procedure runs until the next firing time, 𝐹𝑇(𝑛), is larger than the time hori-
zon. In each step, the first branch checks whether an inspection is computed and the rel-
evant maintenance actions are applied. If no inspection occurs in that year, the next dete-
rioration transition time is activated. The condition is updated and the next deterioration 
firing time, 𝜏𝑖
(𝑘+1)
, is computed. If the ceramic cladding is in the worst deterioration level, 
the transition time until the next deterioration step is taken as 𝜏𝑖
(𝑘+1) = ∞. 
The output of this procedure, in the time horizon, is a condition state vector, where 
the condition state of the ceramic cladding is defined for all years from the beginning of 
the analysis until the time horizon. The repetitive calculation from this procedure (Monte 
Carlo simulation) allows computing the mean and standard deviation of the deterioration 
level in each year. 
Based on the assumptions defined above (Section 5.1), the maintenance strategies 
implemented can be linked with the Petri net scheme presented in Figure 4(a). When the 
first maintenance strategy is implemented, places 𝑝1, 𝑝6, 𝑝21, 𝑝22 and 𝑝31 should be marked 
with one token each, at time 𝑡 = 0. A token in place 𝑝1 indicates that ceramic claddings is, 
at time 𝑡 = 0, in deterioration level A; a token in place 𝑝6 specifies that, at time 𝑡 = 0, it is 
not time to perform an inspection; a token in places 𝑝21 and 𝑝22 means, respectively, that a 
major intervention is a corrective maintenance and should be performed when the ceramic 
claddings is in deterioration level D or E; and, finally, a token in place 𝑝31 indicates that 
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corrective maintenance improves the deterioration level of the ceramic claddings after the 
application of the maintenance action. When the second maintenance strategy is applied, in 
addition to the places defined for strategy 1, place 𝑝20 should be marked with three tokens, 
at time 𝑡 = 0. The three tokens represent the assumptions adopted that after three minor 
interventions, this maintenance action is no longer efficient, and a major intervention should 
be performed. Finally, when the third maintenance strategy is employed, besides the places 
defined for strategies 1 and 2, places 𝑝27 and 𝑝36 should also be marked with one and two 
tokens, respectively, at time 𝑡 = 0. A token in place 𝑝27 means that preventive maintenance 
improves the deterioration level of the ceramic claddings after the application of the mainte-
nance action; and two tokens in place 𝑝36 represent the assumptions adopted that, after two 
consecutive cleaning operations, this maintenance action is no longer efficient, and a minor 
or major intervention should be applied. 
Therefore, to better explain the movement of tokens between places, consider, as 
an example, the marking shown in Figure 4(a) representing the system state at year 30, 
considering the third maintenance strategy and assuming the claddings is in deterioration 
level C. Furthermore, let us consider that transition 𝑡3 fires at year 37 (i.e. instant that 
ceramic cladding deteriorates from level C to level D) and transition 𝑡6 fires at year 32 
(that is, the next inspection is performed at year 32). 
According with these data, the next transition to fire is 𝑡6. Figure 4(b) shows the distribu-
tion of tokens at time 𝑡 = 32 years, after transition 𝑡6 fires. The token present in place 𝑝6 
is removed and a token is added to place 𝑝7, meaning that an inspection is carried out. At 
this point, the unobserved deterioration process is revealed. This is modelled as the firing 
of transition 𝑡9, revealing that the true condition of the cladding at year 32 is C (see Figure 
4c). After the inspection, the token in place 𝑝7 can return to place 𝑝6 to wait for the next 
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inspection (see Figure 4d). At this point, the time of the next inspection is sampled (it is 
assumed, in this example, that the next inspection will occur at year 36). 
Next, the types of maintenance actions available in the maintenance program are an-
alysed. The three tokens in place 𝑝20 mean that a minor intervention should be performed. 
As shown in Figure 4(e), this corresponds to firing of transition 𝑡24. Minor intervention im-
proves the condition level, modelled as firing of transition 𝑡40 (see Figure 4f). The condition 
of the cladding is updated, and the next deterioration time is computed (assumed at year 35). 
The application of minor intervention leads to firing of transition t29 (Figure 4g). This is a 
reset transition that updates the number of effective cleaning operations that can be applied. 
This leads to the computation of the time for the next cleaning operation. It is assumed that a 
cleaning operation is applied when the cladding is in level B but the last cleaning operation 
has been applied more than 10 years before. Since it is considered that a minor intervention 
includes a cleaning operation, transition 𝑡44 will fire at year 42. 
Place 𝑝26 is a decision place and enables the five immediate transitions 𝑡30 − 𝑡34 
that are in conflict with each other. The choice of the transition to fire is performed in a 
deterministic way, according to the effect of the maintenance action. Since the minor 
intervention improves the ceramic cladding to level A, the next transition to fire is 𝑡30, 
returning the token to the deterioration process. Figure 4h illustrates the distribution of 
tokens at time 𝑡 = 32 years, after transition 𝑡30 fires. The next transition to fire is 𝑡1, 
because the deterioration of the ceramic cladding occurs before the next inspection. 
In this study, a Monte Carlo simulation with a sample size of 50,000 was carried 
out, in order to obtain the following information: 
1. The predicted future condition profile under the different maintenance strategies; 
2. The number of interventions (cleaning operations, minor and major interventions) 
performed in the cladding over the simulated lifetime, and the distribution of times 
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of the application of each intervention during that period; 
3. The cumulative cost profile of the different maintenance strategies, considering 
the annual discount rate. 
5.3 Model results and discussion 
Considering a 100-year time horizon and a ceramic cladding in perfect conditions 
at the beginning of the analysis, the condition profile obtained for the three maintenance 
strategies and without maintenance are shown in Figure 7. 
The results obtained reveal that the proposed maintenance strategies have a sig-
nificant impact on the mean degradation condition. In all cases, the mean condition level 
decreases beyond level B. In terms of standard deviation of the results, the values range, 
on average, between 0.4 and 0.8, and strategy 1 shows the largest dispersion of results. 
When only major interventions are applied, the ceramic claddings are allowed to deteri-
orate significantly and rapidly, before maintenance is applied. As a consequence, the 
probability of the deterioration level being very high or very low is higher, resulting in 
high standard deviations. On the other hand, as preventive maintenance is applied, the 
deterioration is slowed down, meaning that ceramic claddings take longer to evolve from 
low to high deterioration levels and spend more time close to the mean condition, leading 
to a smaller standard deviation. 
According to Silva et al. (2016b), the end of service life of a ceramic cladding varies 
between 46 and 58 years. Based on these values, in this study, the impact of the three 
maintenance strategies in the estimated service life of ceramic claddings is evaluated. 
As mentioned above, strategy 1 represents the maintenance strategy currently im-
plemented by most owners. Figure 8 and Table 4 show that, for a time horizon of 100 
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years, on average, 1.40 major interventions are performed per cladding, and the first in-
tervention is applied approximately at year 55.3 (only 0.4% of the claddings are not re-
placed in the time horizon). 
Figure 9 and Table 5 show, respectively, the distribution of the number of interven-
tions by cladding and the statistics of the time of the first intervention for strategy 2 (major 
and minor intervention). These results show that, for a time horizon of 100 years, on average, 
0.05 major interventions and 2.65 minor interventions are performed, per cladding. The first 
major intervention is performed approximately at year 91.9 (94.69% of the claddings are not 
replaced in the time horizon) while the first minor intervention is applied, on average, at year 
32.8 (only 0.01% of the claddings are not repaired in the time horizon). The results obtained 
for strategy 2 are in accordance with the values suggested by Silva et al. (2016a), which men-
tioned that minor maintenance actions should be performed before year 40. Furthermore, the 
combination of minor and major interventions increases the estimated service life, since the 
probability of the claddings not being replaced increases from 0.4% to 94.69%. 
According to the results of strategy 3, on average and until year 14.9 (Table 6), 
the ceramic claddings are only monitored, which agrees with the literature. Silva et al. 
(2016a) state that ceramic claddings should only be monitored until year 13 (only 0.002% 
of the claddings are not clean in the time horizon). Furthermore, comparing with strategy 
2, the combination of cleaning, minor and major interventions also allows increasing the 
estimated service life, since the probability of the claddings not being replaces increases 
from 94.69% to 99.37% Figure 10 reveals that, for a time horizon of 100 years, on aver-
age, 0.006 major interventions, 1.81 minor interventions and 4.00 cleaning operations are 
performed per cladding. 
Usually, the stakeholders are not only concerned with the claddings’ performance 
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or degradation condition, but mainly with costs. In this sense, the costs of the three 
maintenance strategies are examined in detail. For that purpose, the life-cycle costs are 
compared, focusing on the influence of direct costs and the annual discount percentage. 
An analysis of a future investment must consider the time value of money, so that the cost 
of an intervention depends on the moment the action is taken. In this context, the life-
cycle maintenance cost must be converted by a discount rate to a predefined reference 
time. The present value at time zero can be computed as follows (Frangopol et al., 2004): 
 𝑐0 =
𝑐𝑡
(1 + 𝜐/100)𝑡
 (4) 
where 𝑐𝑡 is the cost at time 𝑡 and 𝜐 is the annual discount percentage. 
The discount rate over long time periods is markedly difficult to predict. As a conse-
quence, two extreme values were considered to evaluate the sensitivity of the results to this 
parameter. As mentioned by van Noortwijk and Frangopol (2004), the discounted cost is es-
sentially used for balancing the initial cost of investment against the future cost of mainte-
nance. These authors refer that the choice of the discount rate is mainly a political decision, 
and its value usually ranges between 4% and 6%. In this study, the maintenance decisions 
and, consequently, the investment decisions are compared considering a discount rate of 0% 
and 5%. The direct costs of each maintenance are presented in Table 7, based on the most 
recent values of each operation, found in the literature and specialized companies. 
Figure 11 presents the mean cumulative cost for the three maintenance strategies 
and Table 8 presents a comparison between the cumulative costs and the estimated service 
life of ceramic claddings, taking into account the three maintenance strategies proposed. 
As expected, for a discount rate of 5% (Figure 11(a)), the mean cumulative cost of mainte-
nance strategy 1 (considering only major intervention) is lower than the cost of mainte-
nance strategies 2 and 3. 
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However, for a 0% discount rate (Figure 11(b)), maintenance strategy 2 is the one 
with the lowest cumulative cost over the claddings’ lifetime. Strategy 1, only considering 
a major intervention, is more expensive after the cladding’s lifetime, but this is only no-
ticeable after year 60. Therefore, for a 0% discount rate, the inclusion of a minor inter-
vention has clear advantages, since it improves the cladding’s degradation condition and, 
consequently, its service life, and considerably delays the execution of a major interven-
tion. This conclusion can also be observed in Figure 9, where in 94.69% of the 50,000 
iterations run in the Monte Carlo simulation, no major interventions were applied. More-
over, the execution of two minor interventions is cheaper than one major intervention, 
which also allows reducing the long-term costs. 
In an overall analysis, the following main conclusions can be drawn: 
- Maintenance strategy 1 presents the lowest cumulative cost over the claddings’ 
lifetime, for a discount rate of 5%. In this strategy, only a corrective measure is 
adopted, which does not allow improving the claddings’ condition over time, as 
well as their expected service life; 
- Maintenance strategy 3 presents the worst overall results, since it leads to the 
highest cumulative costs over the claddings’ lifetime, and the adoption of cleaning 
actions increases the estimated service life of ceramic claddings, but less than 
maintenance strategy 2; 
- Maintenance strategy 2 seems the most rational and adequate solution, according 
to the model’s assumptions, since this strategy allows significantly increasing the 
estimated service life of ceramic claddings, and the cumulative costs over the 
claddings’ lifetime are extremely competitive when compared with those of 
maintenance strategy 1. 
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6 Conclusions 
In this study, a maintenance model, based on the Petri net formalism, is proposed to 
analyse the consequences of alternative maintenance strategies to control the deterioration 
levels of ceramic claddings in Portugal. The use of Petri nets to model the deterioration and 
maintenance of components is a research field in development. However, this modelling 
technique has shown several advantages when compared with other techniques, like Mar-
kov chains. The graphical representation of the model and its results can be used to describe 
the problem in an intuitive manner. Petri nets models are very flexible, allowing incorpo-
rating many rules in the model to accurately simulate complex situations and keeping the 
model’s size within manageable limits. Furthermore, this modelling technique shows a 
good capability to asses and predict the life-cycle performance of building façades. 
To evaluate the performance of ceramic claddings, without and with maintenance 
actions, three maintenance strategies were considered: (i) only major intervention; (ii) a 
combination of minor and major interventions; and (iii) a combination of cleaning oper-
ations, minor and major interventions. A Weibull distribution was chosen as the appro-
priate distribution to sample the transition times in the deterioration process. Furthermore, 
a triangular distribution was chosen to describe the inspection times of the façades. The 
choice of both distributions was performed based on the literature and on previous studies 
by the authors. The major and minor interventions are modelled as condition-based cor-
rective maintenance. All the actions are performed after an initial inspection to evaluate 
the claddings’ degradation condition. The major intervention is applied when the ceramic 
cladding reaches higher deterioration levels and when the end of service life is reached, 
and the whole cladding is replaced. On the other hand, the minor intervention is applied 
when the claddings have an intermediate deterioration level. In minor interventions, a 
cleaning action is performed, as well as the replacement of the filling material in joints 
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and ceramic tiles, and filling of the cracking observed. The cleaning action is considered 
a preventive maintenance and is time-based, being applied every 10 years. 
The complete Petri net maintenance model is divided into seven modules, with dis-
tinct functions: (i) deterioration process; (ii) inspection process; (iii) maintenance process; 
(iv) preventive maintenance; (v) corrective maintenance; (vi) periodicity of the preventive 
maintenance; and (vii) renewal process. The maintenance model is solved using a Monte 
Carlo simulation. The model allows obtaining some parameters related with the ceramic clad-
dings’ performance, such as: future condition profiles of the effects of the different mainte-
nance strategies; number of interventions performed in the ceramic cladding over the simu-
lated lifetime; distribution of times of application of the first intervention; and, cumulative 
cost profile of the different maintenance strategies, considering an annual discount rate. 
The results reveal that the defined maintenance strategies have a significant impact 
on the mean condition level, when compared with the condition profile without mainte-
nance. Maintenance strategy 1 represents the one most commonly implemented by owners. 
The future condition profiles obtained reveal that more regular interventions in the clad-
ding, through the application of minor intervention and cleaning operations, allows improv-
ing the claddings’ condition level. For strategy 1, a service life of 55.3 (only 0.4% of the 
claddings are not replaced in the time horizon) years was obtained, and an average of 1.40 
major interventions are performed during a time horizon of 100 years. The implementation 
of minor and major interventions allows increasing the estimated service life of ceramic 
claddings, since the probability of the claddings not being replaced increases from 0.4% to 
94.69%, where the first minor intervention is applied approximately after 33 years (only 
0.01% of the claddings are not repaired in the time horizon). The combination of cleaning, 
minor and major interventions allows increasing the estimated service life, since the prob-
ability of the claddings not being replaced increases from 94.69% to 99.37%. Furthermore, 
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the results obtained revealed that until year 14.9 ceramic claddings only need to be moni-
tored (only 0.002% of the claddings are not clean in the time horizon). 
Regarding the cumulative cost profiles, maintenance strategy 1 has the lowest cu-
mulative cost over the claddings’ lifetime, for a discount rate of 5%, but it does not promote 
the increase of the claddings’ service life. For a discount rate of 0%, maintenance strategy 
2 has the lowest cumulative costs after the period under analysis. In this sense, this strategy 
seems the most appropriate, considering the proposed model, since it allows increasing the 
cladding’s performance while reducing the maintenance costs over the claddings’ lifetime. 
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Figure 1 - Example of a Petri net: (a) before and (b) after firing of the transition 
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Figure 2 - Illustrative example of the visual condition of ceramic claddings in each deg-
radation level 
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Figure 3 - Effects of maintenance: (a) improvement of the condition state; (b) suppres-
sion of the deterioration process; and (c) reduction of the deterioration rate 
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(a) Complete Petri net scheme 
 
(b) After the fire of transition 𝑡6 - inspection process is initiated 
Figure 4 - Petri net scheme of the complete maintenance model proposed 
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(c) After the fire of transition 𝑡9 - the condition of the cladding is revealed to be C 
 
(d) After the fire of transition 𝑡5 - the inspection process is finished 
 
(e) After the fire of transition 𝑡24 - the maintenance action to apply is chosen (a minor 
intervention is performed) 
Figure 4 - Petri net scheme of the complete maintenance model proposed (continue) 
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(f) After the fire of transition 𝑡40 - the maintenance effects are computed (minor inter-
vention improves the condition level) 
 
(g) After the fire of transition 𝑡29 - the maintenance action is applied 
Figure 4 - Petri net scheme of the complete maintenance model proposed (continue) 
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(h) After the fire of transition 𝑡30 - the return of the cladding to the deterioration process 
Figure 4 - Petri net scheme of the complete maintenance model proposed (continue) 
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    Before intervention, in 2014 After intervention, in 2016  
Figure 5 - Illustrative example of a major intervention in which the initial condition was 
not restored 
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Figure 6 - Procedure to compute the performance profile of the ceramic claddings over 
the time horizon for the maintenance scenario 
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(a) 
 
(b) 
Figure 7 - Comparison of the predicted future condition profile over time for all mainte-
nance strategies considered: (a) mean condition level; and (b) standard deviation of the 
condition level. Mean and standard deviation are computed considering a correspond-
ence between the condition scale and an integer scale between 1 and 5 
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Figure 8 - Number of interventions per cladding for strategy 1 
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Figure 9 - Number of interventions per cladding for strategy 2 
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Figure 10 - Number of interventions per cladding for strategy 3 
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(a) 
 
 
(b) 
Figure 11 - Cumulative cost profiles for the three maintenance strategies considered: (a) 
5% discount rate, and (b) 0% discount rate. Black lines represent the mean cumulative 
cost and blue lines the standard deviation of the mean cumulative cost 
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Table 1 - Literature review of research works that apply Petri nets to the assessment of 
the deterioration and maintenance processes 
Reference Application/objectives/domain 
Yang and Liu (1998) 
Hybrid Petri net arrangement is proposed to analyse early failure detection and iso-
lation of heating and cooling systems. 
Simeu-Abazi and Sas-
sine (1999) 
A modular modelling approach, based on a cellular decomposition of the system 
using stochastic Petri nets and Markov chains, is adopted to evaluate various 
maintenance strategies in manufacturing systems. 
Lei et al. (2010) 
A modularized simulation package for manufacturing production system is devel-
oped using standard stochastic timed Petri nets. A maintenance decision support 
tool is developed to provide offline and online maintenance decision support for 
production lines. 
Zille et al. (2011) 
A modelling approach based on Petri nets is presented to assess the performance 
of multicomponent systems maintained by complex maintenance strategies. A 
global framework is built to describe the evolution of the system, the way its com-
ponents can degrade and fail, and the effects of different maintenance actions.  
Andrews (2013) 
A Petri net formulation using Monte Carlo simulation is used to evaluate the impact 
of different maintenance strategies on railway track geometry and condition of the 
ballast.  
Le and Andrews 
(2016a) 
Petri nets are used to model the deterioration of individual components of bridges. 
The bridge model is formed from sub-models of each of its components and takes 
into consideration the component deterioration process, the interaction and depend-
ency between different component deterioration processes, along with the inspec-
tion and maintenance processes. 
Le and Andrews 
(2016b) 
Petri nets are used to develop a lifecycle asset model for offshore wind turbine 
reliability accounting for the degradation, inspection and maintenance processes, 
to predict their future condition and investigate the effect of a maintenance strategy. 
Leigh and Dunnett 
(2016) 
Petri nets are used to simulate the effect of weather conditions and periodic, con-
ditional and corrective maintenance actions on the performance wind turbines.  
Eisenberger and Fink 
(2017) 
Abridged Petri nets are used to model the maintenance strategy of railway rolling 
stock components and demonstrate how their specific requirements and boundary 
conditions can be implemented to enable a suitable and easy to use decision support 
tool. 
Yianni et al. (2017) 
Petri nets are employed to model lifecycle performance of bridge components by 
combining deterioration, inspection and maintenance models. The resulting model 
consists in different modules each with its own source of data, calibration method-
ology and functionality.  
Zhang et al. (2017) 
Petri nets are used to model rail degradation and maintenance and, thus, identify 
optimal maintenance strategies.  
Ferreira et al. (2018) 
Stochastic Petri nets are used to model and predict the life-cycle performance of 
building façades. The model evaluates the performance of rendered façades over 
time, evaluating the uncertainty of the future performance of these coatings. 
Kilsby et al. (2019) 
Proposes a probabilistic asset management and life cycle cost analysis framework 
for railway overhead line equipment using a stochastically timed high-level Petri 
nets. The method is based on a whole-system model, where the relationships be-
tween the individual components of the system are considered in terms of their 
degradation, failure, inspection and maintenance processes. 
Ferreira et al. (2019) 
A stochastic Petri net formalism is proposed to predict the degradation of ceramic 
claddings over time in order to understand how different environmental exposure 
conditions contribute to the overall degradation of these claddings. 
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Table 2 - Description of the degradation conditions for ceramic claddings (data sourced 
from Silva et al., 2016b) 
Degradation 
Levels 
Groups of defects Description ka,n 
% area of cladding 
affected 
Severity of deg-
radation (%) 
Level A 
(kn = 0) 
No visible degradation - - - 𝑆𝑤 ≤ 1 
Level B 
(kn = 1) 
Visual or surface degra-
dation 
- Surface dirt 
- Small surface craters 
- Wear or scratches 
- Crushing or scaling of the borders 
- Change of shine and/or colour 
- Damp stains 
 
0.25 
0.60 
0.60 
0.60 
0.60 
0.60 
 
≤ 10 
1 < 𝑆𝑤 ≤ 6 
Cracking 
- Cracked glazing 
- Markedly orientated cracking (< 0.2 
mm)(1) without leakage(*) 
0.25 
1.00 
 
Independent of the 
affected area 
Joint deterioration - Staining or change in colour 0.25 
Independent of the 
affected area 
Level C 
(kn = 2) 
Visual or surface degra-
dation 
- Small surface craters 
- Wear or scratches 
- Crushing or scaling of the borders 
- Change of shine and/or colour 
- Damp stains 
- Biological growth 
- Efflorescence 
 
0.60 
0.60 
0.60 
0.60 
0.60 
1.00 
1.00 
 
> 10 and ≤ 50 
≤ 30 
6 < 𝑆𝑤 ≤ 20 
Cracking 
- Cracking with no predominant direc-
tion 
- Markedly orientated cracking (> 0.2 
mm)(2) without leakage(*) 
 
1.00 
1.00 
 
 
≤ 30 
Joint deterioration 
 
- Without loss of filling material 
- With loss of filling material 
 
1.00 
1.50 
 
≤ 30 
≤ 10 
Detachment 
- Loss of adherence 
- Swelling 
1.50 
1.50 
≤ 20 
≤ 20 
Level D 
(kn = 3) 
Visual or surface degra-
dation 
- Small surface craters 
- Wear or scratches 
- Crushing or scaling of the borders 
- Change of shine and/or colour 
- Damp stains 
- Biological growth 
- Efflorescence 
 
0.60 
0.60 
0.60 
0.60 
0.60 
1.00 
1.00 
 
> 50 
> 30 
20 < 𝑆𝑤 ≤ 50 
Cracking 
- Cracking with no predominant direc-
tion 
- Markedly orientated cracking (> 1 
mm)(3) without leakage(*) 
 
1.00 
1.00 
 
 
> 30 and ≤ 50 
Joint deterioration 
- Without loss of filling material 
- With loss of filling material 
 
1.00 
1.50 
 
> 30 and ≤ 50 
> 10 and ≤ 30 
Detachment 
- Loss of adherence 
- Swelling 
- Localized detachment 
1.50 
1.50 
2.00 
> 20 
> 20 
≤ 10 
Level E 
(kn = 4) 
Cracking 
- Cracking with no predominant direc-
tion 
- Markedly orientated cracking (> 5 
mm)(4) 
 
1.00 
1.00 
 
> 50 
 
𝑆𝑤 > 50 
Joint deterioration 
- Without loss of filling material 
- With loss of filling material 
 
1.00 
1.50 
 
> 50 
> 30 
 
Detachment - Generalized detachment 2.00 > 10 
(*) With leakage - the degradation level is increased by one. 
(1) Cracking, detectable at a distance greater than 5 m only if binoculars are used. 
(2) Tenuous cracking line, easily detectable at a distance greater than 5 m, using binoculars. 
(3) Well defined cracking visible from a distance of more than 5 m, without using binoculars. 
(4) Cracking characterized by a thick line in which a clear separation of the borders can be seen, from a distance of more than 5 m, with the 
aid of binoculars. 
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Table 3 - Parameters of the Weibull distributions adopted (Ferreira et al., 2019) 
Transition 𝑡1 𝑡2 𝑡3 𝑡4 
𝝀𝒊 7.0859 26.5108 23.2276 32.3015 
𝜿𝒊 1.0973 1.9847 19.6844 20.2604 
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Table 4 - Statistics of the time of the first intervention (in years) for strategy 1 
Intervention Minimum Maximum Average 
Standard 
deviation 
Confi-
dence level 
of 90% 
Major 22 100 55.3 13.7 74 
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Table 5 - Statistics of the time of the first intervention (in years) for strategy 2 
Intervention Minimum Maximum Average 
Standard 
deviation 
Confi-
dence level 
of 90% 
Major 55 100 91.9 7.3 99 
Minor 4 98 32.8 13.8 52 
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Table 6 - Statistics of the time of the first intervention (in years) for strategy 3 
Intervention Minimum Maximum Average 
Standard 
deviation 
Confi-
dence level 
of 90% 
Major 56 100 88.9 9.7 99 
Minor 4 100 46.5 19.0 70 
Cleaning 11 92 14.9 5.2 22 
 
  
 
64 
Table 7 - Fixed costs of the maintenance actions (data sourced from CYPE, 2016) 
Intervention Cost at year 0 [€/m2] 
Major 52.15 
Minor 22.59 
Cleaning 9.13 
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Table 8 - Results obtained for the different strategies under analysis 
Mainte-
nance 
strategy 
Actions performed 
Cumulative cost 
over 100 years 
With a 5% discount 
rate [€/m2] 
Cumulative cost 
over 100 years 
With a 0% dis-
count rate [€/m2] 
Estimated 
service life 
(years) 
Increase 
in the esti-
mated ser-
vice life 
(years) 
Probability of ap-
plication of major 
interventions dur-
ing the time hori-
zon (%) 
1 Major interventions 4.69 72.86 55.3 - 99.60 
2 
Minor interventions 
Major interventions 
7.87 62.66 91.9 36.6 5.31 
3 
Cleaning 
Minor interventions 
Major interventions 
12.14 77.72 88.9 33.6 0.63 
 
